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MarylandABSTRACT Due to their role in cellular energetics and metabolism, skeletal muscle mitochondria appear to play a key role in
the development of insulin resistance and type II diabetes. High-fat diet can induce higher levels of reactive oxygen species
(ROS), evidenced by hydrogen peroxide (H2O2) emission from mitochondria, which may be causal for insulin resistance in skel-
etal muscle. The underlying mechanisms are unclear. Recent published data on single substrate (pyruvate, succinate, fat)
metabolism in both normal diet (CON) and high-fat diet (HFD) states of skeletal muscle allowed us to develop an integrated
mathematical model of skeletal muscle mitochondrial metabolism. Model simulations suggested that long-term HFD may affect
specific metabolic reaction/pathways by altering enzyme activities. Our model allows us to predict oxygen consumption and
ROS generation for any combination of substrates. In particular, we predict a synergy between (iso-membrane potential) combi-
nations of pyruvate and fat in ROS production compared to the sum of ROS production with each substrate singly in both CON
and HFD states. This synergy is blunted in the HFD state.INTRODUCTIONA diet high in fat leads to a reduction in insulin-stimulated
glucose uptake in skeletal muscle (1). This reduction in
insulin sensitivity is a key step toward insulin resistance
(2), so the mechanisms by which muscle adapts to a high-
fat diet (HFD) are of great interest (1,3). While increased
muscle lipid accumulation is believed to act through lipid
metabolites such as ceramides and diacylglycerols in
inhibiting insulin signaling (4–6), there are further dysfunc-
tions evident in obesity including changes in the mito-
chondrial content (7) and reduced respiratory capacity (8).
However, the role of a dysfunction/deficiency in muscle
mitochondria in the development of insulin resistance is still
debated (9,10). Recent experimental evidence (11) shows
that HFD is accompanied by an increase in mitochondrial
reactive oxygen species (ROS) generation, leading to higher
hydrogen peroxide (H2O2) emission, and that attenuating
this H2O2 emission preserves insulin sensitivity in muscle
in rat and human (11). Thus, HFD/obesity-induced oxida-
tive stress may play an important role in the pathophysi-
ology of type 2 diabetes mellitus and its complications
(12,13).
Mitochondria are the primary energy producers in the cell
(13,14). They also serve an important role in intracellular
signaling, whether by affecting the redox state of the cell
(15), calcium concentrations (13,16), or other mechanisms
(17). Moreover, mitochondria are the major site of ROS
production (18). Mitochondrial superoxide initiates a range
of damaging reactions for lipid, protein, and nucleic acid
(16) and activates various stress kinases (19). Therefore,Submitted January 18, 2012, and accepted for publication January 18,
2013.
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(18). Recent studies have shown that mitochondrial H2O2
emission is altered by diet composition, acutely and chron-
ically (11). However, the mechanism by which HFD induces
the elevation of H2O2 emission is as yet unclear.
Mathematical modeling of mitochondrial function has
a long history (20). The ready availability of precise bioen-
ergetic data for mitochondrial function has made this field
of modeling in biology particularly fruitful (20,21). With
these experimental and modeling studies as inspiration,
we wanted to elucidate the possible mechanisms by which
HFD induced alterations in mitochondria. Specifically, we
wanted to develop a model that would allow us to test our
central hypothesis: Combining fat and glucose in a diet
is synergic for ROS generation. The study by Anderson
et al. (11), in particular, contains data on both time courses
and concentration dependence of these alterations for
several substrates administered singly. We hypothesized
that this data could be used to narrow down the possible
effectors of diet-induced mitochondrial alterations by using
mathematical modeling techniques.
We hypothesized that the two diets, normal diet (CON)
and high-fat diet (HFD), correspond to two states of mito-
chondria that differ due to altered activities of specific
enzymes. Our model simulations first were optimized to
match the published experimental data (oxygen consump-
tion and H2O2 emission rates) corresponding to titration
of three substrates: pyruvate (with Antimycin A for H2O2
emission), succinate, and fatty acyl CoA (FAC) in CON
state. Having thus constructed a model of CON state, we
probed possible upstream metabolic changes that could
lead to the observed HFD state characteristics. After finding
optimal combinations of upstream alterations associated
with HFD state, we could model the effect of these upstreamhttp://dx.doi.org/10.1016/j.bpj.2013.01.025
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administration, and compare these to our predictions in
CON state. The short-term dynamic responses of model
with the addition of ADP and uncoupler were computed
and found to be consistent with related data (22). Finally,
we considered the synergic effects of substrate interactions.METHODS
Our previous model of mitochondrial metabolism (23) did not include
important reactions such as the consumption of reducing equivalents in
scavenging enzyme regeneration, so we essentially constructed a new
model. Our model is aimed at predicting the metabolic responses of skeletal
muscle mitochondria to various substrates (pyruvate, succinate, and FAC).
We developed it based on in vitro experimental conditions (11). Specifi-
cally, we aimed at elucidating the possible mechanisms for the effects of
chronic high-fat diet (HFD) on enzymatic activities in skeletal muscle mito-
chondria. Our central assumption is that skeletal muscle metabolism in rats
on normal diet (as control, CON) and HFD can be related by modulatingFIGURE 1 Schematic diagram of metabolic processes involved in the model.
OAA, oxaloacetate; Cit, citrate; ICit, iso-citrate; AKG, a-ketoglutarate; SCoA, Su
Q, ubiquinone; cytCred, reduced cytochrome; cytCox, oxidized cytochrome;
peroxide; C1, Complex I; C2, Complex II; C3, Complex III; C4, Complex IV; a
that can be activated by chronic HFD. The activity of Complex III can be partly
when pyruvate is the substrate. The glutathione reductase reaction actually uses
bodies from NADH (53).
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by HFD. There is no data that supports a need for de novo addition or
complete deletion of any metabolic process under chronic HFD. Model
simulations (H2O2 emission and oxygen consumption rate) were compared
with experimental data for validation.Model structures and components
The schematic pathways of our model are shown in Fig. 1. Focusing on
muscle mitochondrial metabolism, this model is composed of three major
sections: tricarboxylic acid (TCA) cycle, oxidative phosphorylation, and
ROS metabolism. Several species (ATP, ADP, Pi, Hþ) in the intermembrane
space are incorporated as well, and are assumed to be in equilibrium with
those in the buffer/media under in vitro conditions. In particular, their
concentrations are assumed to be constant (24). We have a total of 30 inde-
pendent state variables (see detailed description in Part S1A in the Support-
ing Material) and 23 fluxes (21 reactions and 2 transports; see detailed
description in Part S1B in the Supporting Material).
Both pyruvate and FAC can generate acetyl CoA (ACoA) for the TCA
cycle via pyruvate dehydrogenase (PDH) or b-oxidation, respectively.The metabolites are Pyr, pyruvate; FAC, fatty acyl CoA; ACoA, acetyl CoA;
ccinate CoA; Suc, succinate; Fum, Fumarate;Mal, malate; QH2, ubiquinol;
GSH, reduced glutathione; GSSG, oxidized glutathione; H2O2, hydrogen
nd ETF, electron transfer flavoprotein. (Thick lines with asterisk) Reactions
inhibited by antimycin A (AA), which is added to induce H2O2 production
NADPH as the electron donor, but this NADPH is generated by NNT anti-
Skeletal Muscle Reactive Oxygen Species 1129The flux equations and reaction constants of PDH, the TCA cycle, and each
complex (I, III, IV, and F1F0) in oxidative phosphorylation were taken from
Wu et al. (24). According to the experimental protocol, palmitate and the
corresponding acyl CoA are used for lipid b-oxidation, which is incorpo-
rated in the model as a phenomenological Michaelis-Menten reaction.
FADH2 generated from lipid b-oxidation can transfer electrons to ubiqui-
none (Q) via electron transfer flavoprotein (ETF) and electron transfer
flavoprotein/ubiquinone oxidoreductase (25,26). The equation was taken
from Modre-Osprian et al. (27) and Yugi and Tomita (28).
One of the specific aims in this study is to evaluate the ROS responses in
skeletal muscle mitochondria to substrates. The mechanisms underlying
ROS production in the electron transfer chain (ETC) are complex. The
quantitative experimental information of ROS production from ETC is still
limited (29). In our model, we assumed that superoxide is generated by
directly transferring an electron from ubiquinol (QH2) to O2. Moreover,
mitochondrial manganese superoxide dismutase can efficiently convert
superoxide to hydrogen peroxide (H2O2) (30,31). Therefore, we modeled
H2O2 production by combining superoxide production and its conversion
to H2O2 together. Our empirical H2O2 flux is described as a function of
QH2 concentration representing available electron donors (31,32) and
membrane potential (23,31). Some of the H2O2 produced is removed by
the antioxidant system, represented by glutathione peroxidase (32,33),
and the remainder appears in the buffer/media, where the rate of appearance
can be measured (31). In our model, we also introduced the thermodynamic
regulation of the reactions, using Gibbs free energies of formation of metab-
olites obtained fromWu et al. (24). The general mass balance equations are
shown in Methods in the Supporting Material.TABLE 1 Model parameters
Flux
Enzyme activity
(mol/s/L mitochondria) Ref.
1. Pyruvate dehydrogenase 1.61e-5 Estimated
2. b-oxidation for fatty acyl CoA 3.56e-6 EstimatedExperimental data sets and conditions
The experimental data were taken from Anderson et al. (11). That study
provides the steady-state response of H2O2 emission and oxygen consump-
tion to different substrates at specific concentration levels. Briefly, rats were
provided with either CON or HFD for six weeks. Skeletal muscle fibers
were taken from red gastrocnemius muscle of rats and permeabilized.
The oxygen consumption rates and H2O2 emission rates were measured
at 30C in buffer Z under State 4 respiration in response to the titration
of various substrates—pyruvate (0–50 mM þ2 mM malate), succinate
(0–3 mM), and palmitoyl-carnitine (0–25 mMþ2 mMmalate), respectively.
There are five steady-state data sets from CON and HFD animals, respec-
tively. For pyruvate, the H2O2 emission rates were measured in the presence
of Antimycin A (AA).
3. Electron transfer flavoprotein
(ETF)a
— —
4. Citrate synthase 11.6 (24)
5. Aconitase 0.0321 (24)
6. Isocitrate dehydrogenase 0.425 (24)
7. a-ketoglutarate dehydrogenase 0.077 (24)
8. Succinyl-CoA synthetase 0.582 (24)
9. Succinate dehydrogenase 9.35e-5 Estimated
10. Fumarase 7.12e-3 (24)
11. Malate dehydrogenase 0.0694 (24)
12. Nucleoside diphosphokinase 0.0265 (24)
13. Complex I (C1) 793.6 Estimated
14. Complex III (C3) 3.43 Estimated
15. Complex IV (C4) 4.98e-4 Estimated
16. ATP synthase 5.95e3 (24)
17. Proton leak 64.8 Estimated
18. H2O2 production from QH2 2.21e-5 Estimated
19. H2O2 emission 100 (52)
20. Glutathione peroxidasea — —
21. Glutathione reductasea — —
22. ANT 7.52e-3 (24)
23. Pi-H transport 3.33e7 (24)
aSpecial definition, detailed in the Supporting Material.Parameters determinations and estimations
Simulation and calculation
Model simulations directly generate the dynamics (time courses) of mito-
chondrial responses (metabolite concentrations and fluxes) to the addition
of various substrates (palmitoyl-carnitine is represented by FAC) at specific
levels based on the experimental protocols. Substrate consumption was
not measured in the original experimental studies but the protocols indi-
cated that the H2O2 responses reached a steady state at each concentration
of substrate. As this is impossible without maintaining fixed substrate con-
centrations, we assumed they are constant in our model equations. In fact,
under State-4 respiration, the substrate consumption (e.g., pyruvate) is
limited (24).
Oxygen consumption MVO2 in the mitochondria is calculated as the sum
of O2 utilized in oxidative phosphorylation at Complex IV and used for
H2O2 production,
fMVO2 ¼ 0:5fC4 þ fH2O2;prod: (1)
To compare model simulations with steady-state experimental data, numer-
ical integrations were carried out for a long enough time (10 min) to makesure that the simulations did reach pseudo-steady state. Details regarding
parameter estimation are in Methods in the Supporting Material.Simulations
Simulation of CON and HFD state
To begin, eight unknown parameters (enzyme activities Vmax) were deter-
mined to fit the experimental data of CON muscle (Table 1) . In the exper-
iment of Anderson et al. (11), AAwas added to induce the superoxide and
corresponding H2O2 production only when pyruvate was used as the
substrate, but it was not added in the measurement of MVO2. Our model
took account of these two distinct experimental conditions by choosing
different enzyme activities of Complex III. Based on the dose-dependent
respiration rates and Complex III activities on the addition of AA in the
study of Rossognol et al. (34), we assumed that in the absence of AA,
Complex III enzymatic activity (VmaxC3) has the normal value V
0
max;C3 asso-
ciated with succinate, FAC, and pyruvate (for MVO2). In the presence of
AA for H2O2 production of pyruvate, the corresponding Complex III
activity is 20% of the normal value (34),
VAA;H2O2;Pyrmax;C3 ¼ 0:2V0max;C3 : (2)
Compared with the data under CON state, HFD induces increases in
both mitochondrial oxygen consumption and H2O2 emission rates for thesame substrate at the same concentration level. Those differences sug-
gest that the chronic HFD alters the metabolic characteristics of muscle
mitochondria. HFD is known to increase the activity or content of enzymes
associated with various pathways, e.g., fatty acid oxidation, the protein
levels of oxidative phosphorylation, citrate synthase, and uncoupling
protein (35–38), which suggests that HFD could be modeled as a change
in the phenomenological enzyme activities (Vmax), compared with values
in CON state.
To elucidate how HFD influences muscle mitochondrial metabolism, we
wanted to reduce the number of parameters that were allowed to change toBiophysical Journal 104(5) 1127–1141
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we evaluated the effects of modulating single reaction/pathways on H2O2
emission and MVO2 by performing simulations with only a single enzy-
matic activity parameter altered from its CON value. This enabled us to
quantitatively understand the relative contribution and influence of each
reaction/pathway on mitochondrial metabolism. Therefore, based on the
enzymatic activities obtained in CON state VCONmax;i, an ad hoc modulating
scale factor εi was incorporated as
VHFDmax;i ¼ εiVCONmax;i; (3)
where i stands for one of the specific reactions being modulated. The ad hoc
factors ε represent the net effects of chronic HFD on specific reactions,i
including PDH, b-oxidation, reactions in the TCA cycle, reactions in oxida-
tive phosphorylation (Complexes I, III, and IV), and proton leak. We
assumed HFD had the same effects on the enzyme activities involved in
the same pathway, e.g., the nine reactions involved in the TCA cycle
have the same ε-value,
VHFDmax;i;TCA ¼ εTCAVCONmax;i;TCA; (4)
where i is one of the TCA reactions, so that we do not overfit the data with
too many parameters. Moreover, we further assumed that HFD could alterseveral metabolic reaction/pathways simultaneously. The scale factors εi
(Combination 3) were optimized to minimize the difference between model
simulations and HFD experimental data (Table 2), which were compared
with the simulations obtained by choosing different εi values (Combinations
1 and 2).
Dynamic responses with ADP and coupler
Simulations were based on State-4 respiration. To investigate the regulation
of mitochondrial metabolism, we tested the dynamics of muscle mitochon-
dria in response to the addition of ADP in the media and uncoupler in the
system, respectively. We simulated the addition of uncoupler by adding
a new constant proton leak flux. These simulations were compared with
the normal responses, respectively.
Synergic effect of substrates
Typical diets contain mixtures of various substrates (e.g., carbohydrate,
lipid), and substrate interactions may influence their metabolism. To inves-
tigate this, we considered possible synergic effects between substrates
in vitro as predicted by the model. Membrane potential is an important
regulator for ROS production and other metabolic processes in the mito-
chondria. Different substrate concentrations are needed to reach the same
membrane potential, reflecting distinct metabolic characteristics. Mem-
brane potential is a major determinant of free radical production. To focus
on metabolic differences while controlling for membrane potential, we
defined iso-membrane-potential concentrations (isoJ_C) as concentra-
tions that are needed to reach the same membrane potential for various
substrates.
To obtain a complete set of simulated conditions, we found iso-mem-
brane-potential concentrations in the absence or presence of AA for all
substrates. In the absence of AA, [Pyr] was fixed at 0.01 and 0.015 mMTABLE 2 Parameter for themodulated reactions in HFD states
Combination I II III
PDH 1.1 1.2 1.792
b-Oxidation 1.1 1.2 1.625
TCA cycles 1.1 1.2 1.934
Oxidative phosphorylation 1.1 1.2 1.598
Proton leakage 1.1 1.2 1.741
Values are optimized to fit the HFD data together.
Biophysical Journal 104(5) 1127–1141to obtain a low (~73.02 mV) or high (~98.64 mV) membrane potential,
respectively. Using model simulations, the concentration values of succi-
nate and FAC needed to reach almost the same membrane potential
([Suc]: 0.214 and 0.316 mM; [FAC]: 0.00977 and 0.0134 mM), respec-
tively, were determined. These correspond to isoJ_CPyr,L at two levels L
(either low or high) as above. Working in terms of isoJ_C allows us to
compare ROS production due to different substrates on an equal bio-
energetic footing. To make comparisons consistent, we chose the same
membrane potential (low or high) values in HFD state as in CON state.
The corresponding concentrations are (0.00961, 0.193, 0.00575) mM and
(0.0144, 0.302, 0.00774) mM for pyruvate, succinate, and FAC at low or
high membrane potential levels, respectively. We further checked the effect
of AA for all three substrates and combinations. With a similar approach,
under CON state we also chose [Pyr] at 0.01 or 0.015 mM with membrane
potential (72.94 or 98.56 mV), then [Suc] was 0.212 and 0.315 mM; [FAC]
was 0.00972 and 0.0132 mM. Under HFD state, the concentration was
(0.00952, 0.191, 0.00985) and (0.0143, 0.301, 0.0133) for pyruvate, succi-
nate, and FAC, at low or high concentration range, respectively.
To investigate the synergy between substrates, we simulated our dynamic
model with combinations of substrates. Specifically, we considered each
single substrate i at the specific iso-membrane-potential concentration
isoJ_Ci,L, where i is one of (pyruvate, succinate, FAC), and then we added
small amounts of the three substrates as (isoJ_Ci,LþD isoJ_Cj,L), where j
is one of (pyruvate, succinate, FAC) at level L (either low or high), respec-
tively. Here we chose D ¼ 0.1. The simulated values Mk involving three
variables ðfH2O2 ;emi;J; ½QH2Þ at steady state were recorded under each
condition. The relative increases obtained by adding small amounts of per-
turbing substrates compared to the values of corresponding to a single
substrate alone were calculated as
Mk;iþDj;L;D
Mk;i;L;D
; (5)
where Mk;i;L;D is the simulated value of the three variables of the single
substrate i at a specific membrane potential level; level L is one of (low,high); D is CON or HFD; and Mk;iþDj;L;D is the value with the addition of
a small amount of substrate j, respectively.
The effects of different substrates on the normalized relative increase of
the variables were calculated as

Mk;iþDj;L;D Mk;i;L;D

ðMk;iþDi;L;D Mk;i;L;DÞ; (6)
where the denominator is the difference induced by adding substrate i; the
numerator is the difference induced by adding one of the three substrates ateither low or high concentration condition or CON or HFD state; and D is
CON or HFD. Thus, when substrate j is the same as substrate i, the ratio is 1.
Model implementation
This model is implemented in the software MATLAB Ver. 7.10 (R2010a)
(The MathWorks, Natick, MA, http://www.mathworks.com). ODE15s
was used to solve the ordinary differential equations. Parameters were opti-
mized by minimizing the squared difference between model simulations
and experimental data, carried out using the FMINUNC optimizer in
MATLAB.RESULTS
Effects of single upstream reaction/pathways
We first investigated the effects of modulating single up-
stream reactions/pathways on mitochondrial metabolism.
The activation effects of single upstream reaction/pathways
on the H2O2 emission and oxygen consumption (MVO2) in
Skeletal Muscle Reactive Oxygen Species 1131skeletal muscle mitochondria for each substrate are shown
in Figs. 2–4, respectively. For pyruvate (Fig. 2), an increase
in PDH activity dramatically increased H2O2 emission
(Fig. 2 A). The effect of increased TCA enzyme activity
alone induced a minor increase of H2O2 emission (Fig. 2 C).
However, by increasing the activity of oxidative phos-
phorylation (Fig. 2 E) or proton leak (Fig. 2 G), H2O2 emis-
sion decreased remarkably, especially for proton leak. These
increased enzyme activities only caused minor increases in
oxygen consumption (Fig. 2 B, D, F, and H), compared with
the CON values. Especially, the effects of increased activi-
ties of TCA cycle or oxidative phosphorylation on oxygen
consumption could barely be discerned. Moreover, simu-
lated H2O2 emission in the absence of AA (AA) were
much smaller than the above simulations because of the
effect of AA on Complex III activity (Fig. 2, A, C, E, andG).
For succinate (Fig. 3), H2O2 emission increased with
the elevation of TCA enzyme activities (Fig. 3 A), but
decreased with the activation of oxidative phosphorylation
(Fig. 3 C) as well as the activated proton leak activity
(Fig. 3 E). Enzyme activity changes in these reaction/path-
ways caused a limited increase in oxygen consumption
(Fig. 3, B, D, and F), respectively.
For FAC, a small elevation of b-oxidation activity caused
dramatically increased H2O2 emission (Fig. 4 A). Similarly,
higher TCA enzyme activities also induced a limited in-
crease of H2O2 emission (Fig. 4 C), but not as remarkable
as the effect of changing b-oxidation activity. Similar to
the responses of pyruvate or succinate, the increased activ-
ities of oxidation phosphorylation and proton leak decreased
H2O2 emission (Fig. 4, E and G). The effects of the activity
changes of these processes on oxygen consumption were
negligible (Fig. 4, B, D, F, and H).Effects of integrated upstream reactions
As single upstream reaction modulations alone did not
match experiment, we further assumed that long-term
HFD could modulate these processes simultaneously and
introduced scale factors for all of these processes with
specific levels (Table 2). The corresponding simulations
showed that Combination 3 produced the best fit with the
data of H2O2 emission and oxygen consumption for each
substrate under HFD state (Fig. 5). Similarly, without con-
sidering the effect of AA (AA), simulated H2O2 responses
of pyruvate only had minor increase (Fig. 5 A).Effects of added ADP and uncoupler on muscle
mitochondrial metabolism
We further investigated the dynamic responses of muscle
mitochondria to the addition of a small amount of ADP in
the buffer (succinate is the substrate) or uncoupler (pyruvate
is the substrate with AA) to the system in CON or HFD
state. ADP or uncoupler was added at 2 min. This protocolwas followed by Selivanov et al. (22), and we wanted to
check that the predicted dynamics of our model matched
their experimental data qualitatively. Even though the exper-
imental system of Anderson et al. (11) is different from
Selivanov, the predicted dynamic response agrees well qual-
itatively with the measured responses by adding ADP or
FCCP shown in Fig. 5 or Fig. 6, respectively, from the study
of Selivanov et al. (22). The corresponding simulations were
compared with the normal responses in CON or HFD state
(Fig. 6 and see Fig. S1 in the Supporting Material), respec-
tively. Compared with the normal responses in CON or HFD
state, both ADP and uncoupler decreased H2O2 concentra-
tion remarkably (Fig. 6 A, and see Fig. S1 A), as well as
the membrane potential (Fig. 6 B, and see Fig. S1 B). QH2
concentration decreased remarkably (Fig. 6 C, and see
Fig. S1 C), but the rate of Complex III increased (Fig. 6 D,
and Fig. S1 D) compared with the normal response in either
CON or HFD state. The ATP synthase rate had multiphasic
behavior.
The simulated ATP synthase rates were much larger with
the addition of ADP (Fig. 6 E) than its normal response in
either CON or HFD state. The uncoupler caused fluctuations
of ATP synthase at the transition with the addition of
uncoupler, but the final pseudo-steady-state values were
similar to the normal response in either CON or HFD states
(see Fig. S1 E). The value of proton leak decreased a little
with the addition of ADP (Fig. 6 F). The indigenous proton
leakwith uncoupler decreased due to lowermembrane poten-
tial even though the total proton leak rate with uncoupler
obviously increased (see Fig. S1 F) in CON or HFD state.Synergy between substrates for H2O2 emission
We investigated substrate synergy by running model simula-
tions with combinations of substrates based on the low or
high isoJ_C concentrations in CON or HFD states, respec-
tively. In the absence of AA, the normalized relative
increases of simulated variables (H2O2 emission, membrane
potential, and [QH2]) induced by the addition of small
amounts of substrates were shown in Fig. 7; the actual rela-
tive increases are shown in Fig. S2.
From the normalized relative increase of H2O2 emission
based on pyruvate caused by adding small amounts of
substrates (Fig. 7 A), the values obtained by adding succi-
nate were always much smaller than the values by adding
pyruvate or FAC, which had minor differences between
CON and HFD state. These results suggested a synergy
between pyruvate and FAC: Adding a small amount of
FAC to pyruvate in the substrate mixture produced a larger
emission of H2O2 than adding an equivalently (as a fraction
of the iso-membrane potential concentrations) small amount
of pyruvate. Adding FAC caused relative larger responses in
CON state either in low or high isoJ_C condition, but
the responses decreased in HFD state, respectively, which
reflects a blunted or reduced synergy. The responses ofBiophysical Journal 104(5) 1127–1141
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FIGURE 2 Simulations of steady-state H2O2 emission and oxygen consumption rate of muscle mitochondria in response to pyruvate under normal diet
(CON) and high-fat diet (HFD) states. Effect of increased PDH activity alone on H2O2 emission (A) and oxygen consumption (B). Effect of increased TCA
enzyme activities on H2O2 emission (C) and oxygen consumption (D). Effect of increased oxidative phosphorylation (OxiPhos) enzyme activities alone on
H2O2 emission (E) and oxygen consumption (F). Effect of increased proton leak (H leak) on H2O2 emission (G) and oxygen consumption (H). The x number
represents the fold increase in enzyme activities by incorporating scale factors in the enzyme activity coefficients. Simulations (solid line, CON; dashed line,
HFD) were compared with experimental data (solid square, CON; open triangle, HFD). The simulation of H2O2 emission was obtained in the presence of
antimycin A (AA). The simulation of H2O2 emission in the absence of AA was shown also (AA).
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FIGURE 3 Simulations of steady-state H2O2 emission rate and oxygen consumption rate of muscle mitochondria in response to succinate under normal
diet (CON) and high-fat diet (HFD). Effect of increased TCA enzyme activities alone on H2O2 emission (A) and oxygen consumption (B). Effect of increased
OxiPhos enzyme activities alone on H2O2 emission (C) and oxygen consumption (D). Effect of increased proton leak activity on H2O2 emission (E) and
oxygen consumption (F). Simulations (solid line, CON; dashed line, HFD) were compared with experimental data (solid square, CON; open triangle, HFD).
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FIGURE 4 Simulations of steady-state H2O2 emission rate and oxygen consumption rate of muscle mitochondria in response to fatty acyl CoA (FAC)
under normal diet (CON) and high-fat diet (HFD) states. Effect of increased b-oxidation activity only on H2O2 emission (A) and oxygen consumption
(B). Effect of increased TCA enzyme activities only on H2O2 emission (C) and oxygen consumption (D). Effect of increased OxiPhos activities only on
H2O2 emission (E) and oxygen consumption (F). Effect of increased proton leak on H2O2 emission (G) and oxygen consumption (H). Simulations (solid
line, CON; dashed line, HFD) were compared with experimental data (solid square, CON; open triangle, HFD). Palmitoylcarnitine used in the experiment
was represented by FAC in the model simulation.
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FIGURE 5 Simulations of steady-state H2O2 emission rate and oxygen consumption of muscle mitochondria in response to pyruvate, succinate, and FAC
under normal diet (CON) and high-fat diet (HFD) states by increasing the enzyme activities of PDH, b-oxidation, TCA cycle, OxiPhos, and proton leak
simultaneously at specific levels (Table 2). The same reaction/pathway has the same scale factor. Simulations (solid line, CON; dashed line, HFD) were
compared with experimental data (solid square, CON; open triangle, HFD), respectively. (A and B) H2O2 emission and oxygen consumption for pyruvate;
(C and D) H2O2 emission and oxygen consumption for succinate; and (E and F) H2O2 emission and oxygen consumption for FAC, respectively. The simu-
lation of H2O2 emission of pyruvate was obtained in the presence of AA. The simulation of H2O2 emission in the absence of AAwas shown also (AA).
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FIGURE 6 Dynamic responses of the muscle
mitochondria to the addition of ADP in the buffer
in CON or HFD state. The involved substrate is
3 mM succinate. (A) H2O2 concentration; (B)
membrane potential; (C) QH2 concentration; (D)
reaction rate of Complex III; (E) reaction rate of
ATP synthase; and (F) rate of proton leak. ADP
(1 mM) was added in the buffer at 2 min. (Solid
line) CON; (dashed line) HFD; (dotted line)
CON with the addition of ADP; and (dash-dot
line) HFD with the addition of ADP.
1136 Li and Periwalmembrane potential (Fig. 7 D, and see Fig. S2 D) and QH2
(Fig. 7 G, and see Fig. S2 G) were similar. The relative
increase (see Fig. S2 A) showed a similar pattern.
For the normalized relative increases of H2O2 emission
based on succinate (Fig. 7 B), high isoJ_C values increased
a little compared with the values of low isoJ_C in CON or
HFD state. The relative differences between the different
added substrates were also smaller than in the case of pyru-
vate (Fig. 7, A, D, and G) or FAC (Fig. 7, C, F, and I).
For the relative increases of H2O2 emission based on succi-
nate (see Fig. S2 B), the changes induced by adding three
substrates at low isoJ_C in CON or HFD states were
similar, and decreased remarkably at high isoJ_C potential
(see Fig. S2 B). Especially, the differences between
substrates were limited. The responses of membrane poten-
tial (Fig. 7 E, and see Fig. S1 E) and QH2 (Fig. 7 H, and see
Fig. S1 H) were similar.
Comparing the normalized relative increases based on
FAC (Fig. 7 C), the synergy between FAC and pyruvate
was again apparent, just like the synergy between pyruvate
and FAC mentioned above (Fig. 7 A), in both CON and HFDBiophysical Journal 104(5) 1127–1141states and at either low or high isoJ_C concentrations. The
reduced or blunted synergy in HFD state was also apparent
in this case. The changes induced by adding succinate were
always much smaller than the changes of pyruvate or FAC.
For the relative response (see Fig. S2 C), the increases by
adding succinate were much smaller than the responses of
adding pyruvate or FAC at low isoJ_C in CON state.
High isoJ_C increased the relative changes, especially
for adding pyruvate, in CON or HFD states. The responses
of membrane potential (Fig. 7 F, and see Fig. S2 F) and QH2
showed a similar pattern (Fig. 7 I, and see Fig. S2 I). The
simulated results with AA (see Fig. S3 and Fig. S4) also
showed similar responses.DISCUSSION
Effect of HFD on skeletal muscle metabolism
Long-term HFD can induce insulin resistance in both
animals and human subjects. The study of Anderson et al.
(11) proposed that the elevated ROS by HFD in muscle
A B C
FED
G H I
FIGURE 7 Predicted normalized relative increase of H2O2 emission (A–C), membrane potential (D–F), and QH2 concentration (G–I) by adding a small
amount of substrates on a single substrate based on iso-membrane-potential-concentration, which was calculated as in Methods. Normalized relative increase
of H2O2 emission based on the substrate (A), pyruvate (B), and succinate (C) FAC with the addition of 10% of substrates at normal diet (CON) and high-fat
diet (HFD) states, respectively. Normalized relative increase of membrane potential based on the substrate (D), pyruvate (E), and succinate (F) FAC with the
addition of 10% of substrates at normal diet (CON) and high-fat diet (HFD) states, respectively. Normalized relative increase of QH2 based on the substrate
(G), pyruvate (H), and succinate (I) FAC with the addition of 10% of each substrate at normal diet (CON) and high-fat diet (HFD) states, respectively. DPL,D,
Increase by adding pyruvate; DSL,D, increase by adding succinate; and DFL,D, increase by adding FAC. L is a level of either low or high iso-membrane poten-
tial concentration; D is CON or HFD state. All of the simulations were obtained in the absence of AA.
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of insulin resistance without other mitochondrial damages.
However, due to limited data, how HFD induces ROS eleva-
tion is as yet uncertain. Therefore, one of the specific aims in
our study is to quantitatively evaluate the effect of HFD on
skeletal muscle mitochondrial metabolism.In general, HFD leads to the elevation of H2O2 emission
and oxygen consumption (MVO2) in skeletal muscle mito-
chondria (11). This is a reflection of the fact that oxidative
phosphorylation is more active, which in turn requires the
stimulation of other upstream reactions, e.g., the TCA cycle,
because more reducing equivalents are needed. However, noBiophysical Journal 104(5) 1127–1141
1138 Li and Periwaldirect experimental evidence is available. Based on the
enzyme activity coefficient (Vmax) determined under CON
state, we introduced a modulating scale factor for each
process and tested the role of altering each individual
reaction/pathway on H2O2 emission and MVO2 for each
substrate (Figs. 2–4). However, the modulation of any one
single process could not fit both H2O2 emission and
MVO2 data together. In fact, the activation of oxidative
phosphorylation or proton leak even led to the decrease of
H2O2 emission (Fig. 2, E and G; Fig. 3 C and E; and
Fig. 4, E and G). It is especially interesting that a change
of Vmax caused much higher H2O2 emission than the change
in MVO2. The different sensitivity may suggest that ROS
metabolism and MVO2 are differently regulated, although
they share almost the same reaction pathways.
In a metabolic system involving various reactions and
pathways such as skeletal muscle mitochondria, the meta-
bolic processes/pathways should have coordinated re-
sponses to balance the system (39). It has been reported
that chronic HFD leads to the increase of the enzyme activ-
ities for fatty acid oxidation (36,37), the protein levels of
oxidative phosphorylation (35,36), citrate synthase (35), un-
coupling protein (38,40), and even mitochondrial copy
number (35). Therefore, HFD may influence and stimulate
several metabolic processes simultaneously. We tested this
assumption by modulating scale factors for the parameters
Vmax of upstream processes at specific levels (Table 2)
simultaneously. The corresponding simulation results were
close to the HFD data. Therefore, to account for the
elevation of H2O2 emission and MVO2 in HFD muscle,
our model simulations suggest that long-term HFD may
result in a coordinated change to these upstream processes.
More experimental data is needed to verify this prediction.Synergic effect of substrates
The experimental data involved is based on single substrates
according to the experimental protocols (11). Typical diets
contain both carbohydrate and lipid, which may influence
each other (41), but the mechanisms are not completely
understood (42). Our model was applied to investigate the
interaction of substrates (synergic effects). The primary
finding is that pyruvate and FAC can induce relatively larger
synergic effects in both CON and HFD states than the
effects associated with succinate (Fig. 7, and see Fig. S2);
moreover, the effects in HFD generally were smaller than
those in CON state, implying a blunted response.
According to the metabolic pathways (Fig. 1), the three
substrates are catabolized differently. Our simulations
were based on an in vitro experimental protocol. Limited
by the availability of TCA intermediates, the function of
the whole TCA cycle is not maintained as well as in vivo
condition, which restricts the efficiency of the TCA cycle.
In fact, pyruvate or FAC is always added with a certain
amount of malate. According to the pathways (Fig. 1),Biophysical Journal 104(5) 1127–1141malate and succinate are closely related, which means that
their effects cannot be distinguished and may lead to the
lowered synergic effect predicted with succinate.
From the enzyme activity coefficients (Table 1) and the
data (Figs. 2–4), these substrates have different capacities
for ROS production. For pyruvate, the addition of a tiny
amount can only influence a few TCA reactions. For FAC,
in addition to TCA cycle, there is another pathway for
ROS production via ETF, which is shorter and more sensi-
tive to FAC availability. However, compared with pyruvate,
FAC has a lower capacity of ROS production according to
the data (Fig. 2 A and Fig. 4 A). Correspondingly, under
very low concentration conditions, pyruvate and FAC to-
gether can enhance each other and lead to a synergic effect,
compared with the responses of substrates individually. The
blunted phenomenon in HFD state can be attributed to
effects of HFD on enzyme activities. In summary, our simu-
lations show clearly that various substrates not only have
different roles on muscle ROS responses in vitro but also
have distinct interaction effects. The elucidation of substrate
interactions may be helpful to understand the effects of
carbohydrate and lipid on tissue metabolism and the devel-
opment of insulin resistance in vivo.
The normalized relative increase definition along with
iso-membrane potential concentrations allows us quantify
the metabolic synergy between substrates while controlling
for both substrate and membrane potential dependence. As
whole cell mitochondrial populations can be imaged with
their specific membrane potentials, it may become possible
to incubate cells with appropriate substrate concentrations
to obtain data on substrate specific changes in mitochondrial
dynamics (43).Distinct regulation of H2O2 emission and oxygen
consumption
H2O2 emission and MVO2 of muscle mitochondria are typi-
cally measured in response to various substrates in vitro.
The respiratory chain is also the major site of ROS produc-
tion. They share many reactions, intermediates, and electron
donors involved in ETC. Not surprisingly, ROS production
and MVO2 are closely related.
According to the experimental data (11), both H2O2 and
MVO2 are nearly dose-dependent (Figs. 2 and 3). Although
H2O2 emission induced by pyruvate is much larger than the
values of succinate or FAC, the corresponding MVO2 values
are quite similar. Typically, the oxygen used for ROS pro-
duction is a small fraction (<2%) of total oxygen consump-
tion (31). The much larger fraction of H2O2 emission in
MVO2 for pyruvate (~15%) can perhaps be attributed to
the specific experimental condition in the study of Anderson
et al. (11). In model simulations, we consider the effect of
antimycin A (AA) on H2O2 production of pyruvate by partly
inhibiting Complex III activity according to the protocol. In
the absence of AA, the simulated H2O2 responses were
Skeletal Muscle Reactive Oxygen Species 1139remarkably small (Fig. 2 and Fig. 5 A), which is close to the
level of succinate and FAC. Therefore, QH2 level plays an
important role in the regulation of H2O2 production. More-
over, by changing the enzyme activity with modulating
scale factors, we found that the response of H2O2 emission
is much more sensitive than the response of MVO2 (Figs.
2–4) in each case, as evident in the magnitudes of the rela-
tive increases from the simulated values under CON state,
respectively.
Increased enzyme activity, e.g., PDH for pyruvate or TCA
for succinate, can generate more NADH. It is not surprising
that it can increase both H2O2 emission and MVO2 (Fig. 2, A
and B), but it cannot explain why H2O2 emission had rela-
tively larger responses than MVO2 to the same change of
PDH activity, because NADH, QH2, and reduced cyto-
chrome increased with similar profiles along ETC (data
not shown). Therefore, some other factors should account
for the higher sensitivity of H2O2 emission than MVO2 to
the change of enzyme activity. In fact, the proton leak rate
negatively influences the membrane potential (44). Model
simulations verified that small increases of proton leak
activity can lead to a remarkable decrease of H2O2 emission
(Fig. 2, G and H). Increases in oxidative phosphorylation or
proton leak lead to the decrease of H2O2 emission, but
MVO2 increased a little instead (Fig. 2, E–H). Therefore,
it is possible that membrane potential plays different roles
in the regulation of H2O2 production and MVO2 (13). It
has been reported that high membrane potential is more
favorable for ROS production (31). On the other hand, it
may have a smaller effect on the activity of Complex IV,
which determines MVO2. Although more experimental
data is needed to clarify it, our model simulations suggested
that ROS production and oxygen consumption are differen-
tially regulated. H2O2 production, especially, is not simply
a constant fraction of MVO2.Role of membrane potential in the regulation of
mitochondrial metabolism
It is well known that under State-3 condition, the mitochon-
drial ROS production decreases dramatically (31). Simi-
larly, the addition of the uncoupler also causes a decrease
of ROS response (45). Both conditions are associated with
a decrease of membrane potential and corresponding proton
motive force (Dp) due to the increased fluxes of ATP syn-
thase (Fig. 6 E) or proton leak (see Fig. S1 F). The predicted
dynamic responses of H2O2 concentration with the addition
of ADP (Fig. 6 A) or uncoupler (see Fig. S1 A) had similar
response profiles to experimental measurements (22). Our
model simulations provide detailed metabolic responses to
enable us to better understand the regulatory role of mem-
brane potential on the mitochondrial metabolism.
Various reactions associated with ETC are electrogenic
and the decrease of membrane potential inevitably influ-
ences those processes, e.g., increased Complex III rate(Fig. 6 D, and see Fig. S1 D) compared with the normal
responses. Because QH2 is primarily consumed in Complex
III, its concentration decreased remarkably (Fig. 6 C, and
see Fig. S1 C), which directly influences H2O2 production
as mentioned above. Under this simulation condition, the
effect of addition of ADP or uncoupler on the decrease of
ROS is exerted not only because of the lower membrane
potential but also due to the lower QH2 indirectly induced
by the change of membrane potential. In fact, due to the
feed-forward or feedback regulation of the metabolites in
the metabolic network, the change in membrane potential
can induce various metabolic changes. Therefore, although
these simulations were based on simplified conditions, these
results provide evidence that membrane potential plays an
important role in the regulation of the mitochondrial metab-
olism directly or indirectly.Model limitations and future development
Our model assumes ad hoc modulating factors for all reac-
tions in certain pathways to model changes caused by
chronic HFD. It is possible that only some reactions are
modulated. Mitochondrial enzymes can be selectively in-
hibited by specific inhibitors, e.g., 3-nitropropionic acid
for succinate dehydrogenase (46,47), tryptamine-4,5-dione
for a-ketoglutarate dehydrogenase (48), biapigenin for
ANT, and calcium homeostasis (49). Therefore, the effects
of specific enzymes on the ROS response can be investi-
gated using these inhibitors. With such data, the model
can be used to identify the reactions and pathways that are
actually altered and identify the key regulators of ROS.
The measurements in vitro are dependent on experimental
conditions (e.g., technique, materials), which make it diffi-
cult to compare the data from different groups; only limited
data was available for model validation. ROS production in
ETC is complicated, involving various radical intermedi-
ates. Our model simplified these processes. A future model
should consider more detailed oxidative phosphorylation.
The effects of chronic HFD on the ROS removal process
also are neglected, which may influence ROS balance.
Moreover, ROS can also influence mitochondrial metabo-
lism. It has been reported that elevated ROS level can
induce the activation of UCP via the deglutathionylation
of UCP (50,51), which is a protective mechanism in mito-
chondria. Therefore, proton leak could be stimulated by
the activation of UCP due to elevated ROS levels. This
mechanism should be incorporated when more experimental
data is available.SUPPORTING MATERIAL
Methods, figures, tables, equations, and references (54–57) are available at
http://www.biophysj.org/biophysj/supplemental/S0006-3495(13)00095-7.
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